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As conventional aircraft designs approach their limits in terms of efficiency and emissions, 
a drastic change to the architecture of conventional platforms is required if the environmental 
targets of the next several decades are to be met. Boundary Layer Ingestion is one of industry’s 
most promising answers to the challenges of the future, identifying a potential step-change in 
performance in more integrated propulsion and airframe systems. This paper investigates the 
behaviour of a boundary layer ingesting solution of a closely embedded wing-electric ducted 
fan design, with focus on the implications of the aerodynamic coupling on the individual 
performance of both the aerodynamic and propulsive elements as well as on the assessment of 
the reliability of a low order panel code method. Wind tunnel testing was undertaken to 
understand the flow physics at different combinations of airframe and propulsor operating 
conditions; in addition, part of the data used for the experimental validation of a panel method 
model for predicting the upstream inlet flow conditions. It was found that there were clear local 
and extended upstream effects of the propulsor on the performance of the aerodynamic 
surface, resulting from the different combinations of suction strength and nacelle blockage. 
Similar trends were observed in the numerical code predictions, and identified limitations of 
the methodology in defining the experimental boundary conditions of the propulsor to be 
imposed in CFD. The study of the response of the propulsor to varying inlet boundary 
conditions, created by varying wing angles of attack was also carried out, however, small 
changes in flow velocity combined with measurement errors of the current system, prevented 
any solid conclusions being drawn about the impact of distorted inlet flow on propulsor 
performance. 
 
Nomenclature 
 
Δ  = Delta 
α  = Angle of attack (°) 
δ  = Boundary layer thickness 
δ*  = Displacement thickness 
θ  = Momentum thickness 
Σ  = Integral of efflux total pressures  
ω  = Efflux angular flow 
ACARE = Advisory Council for Aviation Research and innovation in Europe 
AoA  = Angle of Attack 
BL  = Boundary Layer 
BLI  = Boundary Layer Ingestion 
BWB  = Blended Wing Body 
c  = Chord length 
CAD  = Computer Aided Design 
CFD  = Computational Fluid Dynamics 
Cp  = Static Pressure Coefficient 
D/T  =  Ingested drag over total drag 
dx  = Offset in x direction 
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dz  = Offset in z direction  
E  = Exit plane 
EDF  = Electric Ducted Fan 
fBLI  = Boundary layer ingestion fraction 
H  = Shape Factor 
LE  = Trailing Edge 
N  = Newtons 
LDA  = Laser Doppler Anemometry 
NASA  =  National Aeronautics and Space Administration 
P  = Throttle setting 
Pneutral  = Throttle condition of a BLI neutral installation  
PSC  = Power Saving Coefficient 
TE  = Trailing Edge 
VDB  = Van Direst and Blumer 
x/c  = Normalized chordwise position 
 
Subscripts 
BLI  = Boundary Layer Ingesting 
noBLI  = no Boundary Layer Ingesting 
 
I. Introduction 
As air traffic volumes steadily grow and the industry experiences an unprecedented push in the 
direction of improved cost savings and low environmental impacts, there is a stronger-than-ever need 
today for novel aircraft solutions. With conventional designs approaching their performance limits, 
the challenges of meeting the new noise and emission targets like those set by NASA and the 
Advisory Council for Aviation Research and innovation in Europe (ACARE), demand a drastic 
rethinking of the way traditional aircraft are conceived, starting from its propulsion [1]. Boundary 
Layer Ingestion (BLI) is currently one of the most promising answers to the performance 
requirements which the propulsion systems of the future will have to satisfy, in order to guarantee 
the ambitious step-changes in efficiency set. The work done by NASA on the D8 Double Bubble and 
Blended Wing Body (BWB) concepts within the N+3 framework, is so far, the most notable effort 
done in the qualification of this technology and represents a testament to the predicted benefits of 
BLI.  
The physical principle of BLI is simple. As an aircraft flies through the air, a layer of slower 
moving flow, the boundary layer, begins to build up along the skin of the airframe giving rise to a 
momentum loss in this region. By embedding the propulsor element with the airframe so to ingest 
the slower-moving flow, the boundary layer is reaccelerated and prevented to transition undisturbed 
into the wake of the aircraft, which is a primary source of aerodynamic drag. Overall, this equates to 
reductions in aerodynamic losses and can lead to savings in fuel burn of up to 16% relative to today’s 
aircraft [2]. 
The idea of embedded propulsion systems ingesting boundary layer fluid for improving fuel 
efficiency has been proposed since the early days of jet propulsion. However, the first true analytical 
treatment of the performance of a BLI propulsor appeared in [3] by Smith, who introduced the 
concept of a non-dimensionalized power-saving coefficient PSC to measure the performance gain of 
BLI over noBLI systems. Smith derived the theoretical relation between PSC and the properties of 
both the propulsor and the ingested boundary layer flow concluding that for an unducted, 
axisymmetric BLI propulsor, PSC is greatest for high propulsor disk loading coefficients, high 
boundary layer form factors, high wake recoveries and high ingestion fractions D/T. The design 
implications of BLI are further explained by Hall in [4] through a rigorous power balance analysis 
where he remedied the issue of thrust and drag accounting typical of BLI theory by assessing the 
propulsive performance of the aircraft in terms of power sources and dissipations. The control 
volume analysis allowed to map out the individual aerodynamics phenomena contributing to the 
propulsive performance equation of the aircraft and thus identify the sources responsible for the 
actual efficiency gain of BLI over noBLI. The application of his analysis to the D8 aircraft concept, 
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traced the performance merit of BLI back to a reduction in both jet and wake mixing losses and for 
augmented levels of ingestion fBLI (the equivalent of Smith’s D/T).  
Despite all this, penetration into aeronautics has not matched the expectations surrounding this 
technology. The substantially different platforms of airborne applications, have indeed made (and 
continue to do so) BLI a less straightforward alternative to implement as current propulsion systems 
composed of two/four units only, are in fact, extremely limited in the levels of ingestion they can 
achieve [3]. On top of that, BLI raises a still unsolved challenge to both the performance and the 
integrity of current engine designs, which have not been considered across the off-design conditions 
associated with BLI inlets. The work done by [5] is one of few attempts of integrating the theoretical 
predictions of BLI as those of Smith and Hall with actual design considerations. [5] developed a 
methodology combining both numerical and experimental approaches with focus on the interaction 
between turbomachinery characteristics of a propulsor with off-design implications of a BLI solution. 
From studying the response of a buried fan to the distortion field of a flush mounted S-duct BLI inlet 
some fundamental observations for the understanding of the requirements of distortion tolerant 
propulsor designs, were made: (1) there is no circumferential shift of the ingested distortion, (2) local 
asymmetry develops within the distortion region and (3) the distortion is attenuated at the exit due to 
the work input differential across individual blades.  
 Despite the widely accepted theoretical benefits of BLI, the complexities of integrating this 
concept with current aircraft technology and the uncertainties around the net benefit of doing so are 
the challenges in its implementation. It is therefore essential to fully understand both the 
aerodynamics and effects on propulsive efficiency of a boundary layer ingesting system to determine 
its efficacy. The objective of this paper is to investigate the aerodynamic behaviour of a closely 
integrated airframe-propulsor design, to gain insight into the implications of BLI on both the 
aerodynamic and propulsive elements. Two specific and related objectives are therefore identified; 
• provide an initial qualitative understanding of the performance interactions between an 
aerodynamic surface and an embedded propulsor 
• assess the suitability of a low fidelity panel method in simulating the upstream flow physics of 
BLI configurations 
 
II. Method 
This investigation into the aerodynamic behaviour of a closely integrated airframe-propulsor 
design aims to provide a qualitative understanding of the performance interactions of the two BLI 
elements and to assess the modelling capabilities of a low fidelity panel method for the upstream 
(ingested) flow physics. The first objective of the aerodynamic interaction is considered and 
experimentally studied in the form of (1) the upstream effect of the operation of an EDF on the 
performance of a wing (upstream analysis), and (2) the response of the EDF to varying inlet flow 
conditions resultant from the wing’s activity (downstream analysis). Additionally, both upstream and 
downstream analysis are also required for the second objective of the validation of CFD. The 
upstream analysis becomes the experimental benchmark of an upstream panel method simulation of 
the flows over the BLI design, while the downstream analysis of the engine efflux  is used to define 
the inlet mass flow rate boundary condition to impose in the numerical model for simulating the 
design in the powered configuration. Figure 1 illustrates the overall research methodology, 
highlighting the inter-dependencies between the different research activities. 
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Figure 1: schematic representation of the research methodology 
The model is tested at a freestream speed of 25m/s corresponding to a Reynolds number Re of 
0.7 Million based on wing chord and a Mach number M of 0.07 based on a measured flow 
temperature of 21°C. Different combinations of wing incidence α, transition location (natural/fixed) 
and throttle settings P are considered to provide control over the boundary conditions of the model 
in the embedded configuration. The combinations of the test variables result in eight different test 
cases which are used by both the upstream and downstream investigations with different aims and 
logics. Depending on which test variable is considered for manipulating the boundary conditions of 
the problem, the eight test cases combine either into four wing operating setups (AoA-transition) 
working at two different boundary condition cases (throttle) for the upstream analysis or vice versa 
into two EDF operating setups (throttle) at four different boundary condition cases (AoA-transition) 
for the downstream one. Additionally, by testing both the wing and the EDF in isolation, one further 
boundary condition case (podded configuration) is added respectively to both the upstream and the 
downstream study. Therefore, each investigation ultimately features eight common embedded test 
cases plus two podded ones which are peculiar to the investigation.1  
Prior results of the clean wing performance, without the EDF installed, allowed an informed 
selection of two wing incidence settings providing differing ingested boundary layer characteristics; 
α=4° for a fully attached condition and α=12° for a condition having a separated boundary layer. The 
two EDF operating conditions P are selected in the attempt to represent both a neutral and favourable 
installation situation compared to the isolated wing and correspond, in order, to 20% and 40% of the 
engine’s maximum power, with the high throttle value corresponding to highest power supply 
available. The performance at each incidence and throttle combination, is evaluated one time 
allowing free transition to take place, and one time forcing it at a specified location (trip).  
As the scope of the validation purposes of the paper is limited to the predicting capabilities of a 
panel code for ingested flows upstream the propulsor, only the upstream investigation of the effect 
of the EDF operation on the performance of the wing is repeated in CFD. Moreover, the test cases 
simulated in CFD are reduced to the six trip cases of Table 1 featuring the induced transition of the 
boundary layer. With the code allowing for the possibility of specifying the transition location over 
the grid of the numerical model so to match that of experiment, the uncertainty rising from the 
                                                     
1 Podded results for the upstream analysis are the clean wing while for the upstream analysis, the 
isolated EDF. Due to time restrains in using the wind tunnel, podded data for the upstream analysis 
is limited to the fixed transition cases (trip). 
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inability of a simple numerical code in accounting for the effects of physical surface roughness and 
therefore predicting the natural transition location of the boundary layer is eliminated. 
For each case (depending on whether it is a numerical or experimental analysis), performance of 
the configuration is evaluated from three different test data; pressure coefficients (Cp) derived from 
30 static pressure measurements around the wing, boundary layer profiles (BL) obtained from Laser-
Doppler Anemometer (LDA) velocity measurements, and exit stagnation pressures (E) measured 
with a traversing pitot-static probe downstream of the nozzle. Table 1 gives an overview of the test 
plan, reporting all run conditions as well as type of measurements and instrumentation. The run 
column links the test cases to the actual experimental run in the order it took place in the test 
campaign. 
Table 1: summary of the different test cases indicating both test conditions and instrumentation used 
 
 
A specific set of conventions are defined for presentation of the data. Table 2 in Appendix 
specifies the main formats used throughout the presentation of results, which nevertheless should be 
referred to as general a guideline.  
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III. Experimental Investigation 
A. Setup 
Investigation of the wing-EDF design was carried out in the University of Surrey’s Aero Tunnel. 
The tunnel presents a working section with a cross-sectional area of 1065x1300mm2. The model is 
positioned roughly at the middle of the longitudinal length of the section and is composed of an off-
the-shelf electric propulsor and a symmetric NACA0015 wing. Figure 2 and Figure 3 show front and 
rear views of the experimental setup. The wing has a 430mm chord c and spans across the entire 
width of the working section with two struts clamped to the floor holding it at just 40mm above mid-
height when at zero incidence.  
 
 
Figure 2: image of the front of the Wing-EDF model installed in the Aero Tunnel 
 
Figure 3: image of the rear of the Wing-EDF model installed in the Aero Tunnel 
The angle of attack α is adjusted manually by tuning the height of a third support connected to 
the trailing edge TE, with the wing rotating around a pivot which is assumed to be located 
approximately 10 mm below the quarter-chord point. The angle is measured manually with an 
inclinometer supposedly aligned with a plane parallel to the chord. 30 pressure tapping running 
around the centreline profile measure the static pressure of the flow over both the lower and the upper 
surfaces. The EDF sits flush on the upper surface at the rear of the wing with the fan face laying on 
the x/c = 0.95 plane and its axis aligned with the wing centreline. The x-z plane of symmetry running 
y 
 
x 
 
z 
 
z 
 y 
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through the centreline splits the entire wind tunnel model into the -y and +y halves. A separate strut 
holds the propulsor in position relative to the wing and is adjusted separately to achieve the flush 
installation to the wing for each incidence. The fan counts 9 stator vanes and 12 clockwise rotating 
fan blades (looking up the tunnel section). Both inlet and outlet faces have an outer diameter 2R of 
89.5 mm, with the former having an inner diameter 2Ri of 44.5 mm. The original duct is encased by 
a bespoke nacelle which helps the propulsor blend in with the upper surface wing. The rounded lips 
of the nacelle (fan inlet) avoid strong separation and recirculation regions and smoothly guide the 
boundary layer into the EDF. The nacelle is made from a top and bottom module which are taped 
together around the EDF. The bottom module providing the flush fit to the wing is swapped with a 
circular one when the engine is tested isolated in an axisymmetric configuration (Figure 4).  
 
 
Figure 4: close up of the EDF flush installation (right) and of the EDF isolated nacelle configurations 
(left) 
Inducing the flow to transition upstream its natural location is achieved by introducing local 
surface disturbances of defined size, following the Van Direst and Blumer (VDB) criteria outlined 
in [6]. The disturbance is defined by its height ecrit, which is a function of the state of the local 
boundary layer and therefore varies across the chord length. The experimental trip of Figure 5 is 
installed at a x/c location of 0.13, where the VDB criteria calculates a surface element height ecrit of 
0.378 mm. Choosing the furthest downstream location x/c possible before where natural transition is 
predicted to occur, is done to facilitate the following process of testing the effectiveness of the trip 
mechanism which is purely based on the inspection of velocity profiles before and after the 
introduction of the trip. A continuous strip rather than a more effective distributed one is implemented 
due to ease of installation. The trip is created by laying three strips of electric tape with length of 
20mm and individual thickness each of 0.13mm, one over the other for a final ecrit of 0.36mm. To 
reproduce the three-dimensional nature of transition, the strips’ LE is cut to present a toothed edge 
to the incoming flow, which helps generate 3D instabilities. 
 
 
Figure 5: photograph of the strip in its x/c location in both a short and extended version used for 
calibration 
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B. Results 
The first measure of performance of a design configuration is the normalized pressure 
distribution curve generated by the pressure tapings distributed over the suction surface at the 
centreline of the wing. Additionally, the pressure distribution provides a quick and comprehensive 
overview of the flow over the entire chord capturing the potential upstream effects of the EDF’s 
activity on the wing. Performance of the podded wing, ‘noBLI’, is compared against the embedded 
configurations at both engine operating conditions ‘BLI(20%)’ and ‘BLI(40%)’ for both AoA in 
Figure 6. An evident upstream effect of the EDF on the top surface of the wing is observed at both 
AoA in the form of a variation in the pressure distributions across the different configurations.  Such 
variation is manifested as a combination of a local blockage effect due to the physical installation 
and a more extended acceleration of the flow, as a consequence of the suction force of the fan. At 
low throttles, the blockage effect of the nacelle is dominant, the flow close to the inlet is slowed 
down and the static pressure rises (unfavourable installation). As the throttle is increased, the 
upstream flow is accelerated all together and the pressure over a large portion of the surface drops 
(favourable installation). There is therefore a throttle setting, defined Pneutral, at which the cp curve of 
the embedded solution crosses over the curve of the podded wing, defining an operating envelope 
where the performance of the wing in the BLI configuration exceeds that of the wing in a noBLI 
setup. Figure 6 also points out how the Pneutral limit varies with AoA, with ‘BLI(20%)’ corresponding 
to a worsen installation at α=4° and already to an improved installation at α=12°. Comparison is 
carried out only for the trip cases as no free ‘noBLI’ data was generated during the test campaign. 
 
 
Figure 6: plots of the normalized pressure distributions over the upper surface of the wing for the 
noBLI and both BLI configurations for both AoA 
Figure 7 plots the variations from the unpowered configuration of the ‘BLI(20%)’ and 
‘BLI(40%)’ curves of Figure 6, ΔCp = CpnoBLI – CpBLI, normalized by the absolute value of the 
unpowered baselines, |CpnoBLI|. Figure 7 addresses the variation in the Pneutral threshold across AoA 
hinted at in Figure 6 by magnifying the difference in strength with which the operation of the EDF 
is reflected onto the pressure distributions, depending on the incidence. The opposite magnitudes 
observed near the intake between the ‘BLI(20%)’ results at the two incidences, -ve at α=4° and +ve 
at α=12°, could be explained by the considerably different flow conditions which are found at the 
two AoA. Not only the fan ingests a thicker boundary layer at α=12° but the flattening off of the 
noBLI curve of Figure 6 is evidence of flow separation occurring at the trailing edge, which generally 
represents an affordable situation for the EDF to improve upon resulting in a ΔCp>0 value. 
Conversely, the mainly attached flow of the lower incidence setting is probably a more susceptible 
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situation in which the local obstruction of the EDF casing dominates over the too weak throttle setting 
yielding a ΔCp<0 value. Nevertheless, regardless of the incidence, as one moves upstream the chord, 
the profiles cross over the abscissa, the blockage effect reduces in favour of the suction force of the 
propulsor which is then observable all the way to the suction peak. The slight increase in the suction 
peak corresponds to a greater amount of flow pulled upwards and diverted to the top surface which 
ultimately means that the wing experiences an increase in the true AoA of the relative flow, with 
obvious consequences in terms of lift and perhaps induced drag. The two pressure values before and 
after the sharp dip in pressure are neglected as they also appear to be affected by the presence of the 
transition strip.  
 
Figure 7: plots of the relative variation in the pressure coefficients of the four BLI configurations from 
the noBLI baselines for both AoA 
To characterize the flow ingested by the EDF, the boundary layer profile at the centreline is 
reconstructed through LDA. The shape of the boundary layer and its properties are derived for every 
test case from the velocity profiles taken at four chord-wise stations x/c in the rear portion of the 
wing (0.54, 0.77, 0.84 and 0.86) as shown in Figure 19 in Appendix. The velocity profiles such as 
those plotted in Figure 20 in Appendix are processed to produce the profiles of thickness δ, 
momentum thickness θ and shape factor H of Figure 8. Broadly speaking the three configurations 
show similar trends to those observed in Figure 6 and Figure 7 for what concerns the directions of 
performance variation. At the low throttle setting BLI(20%), the installation of the EDF gives a slight 
performance penalty for smaller angles of attack, and a performance improvement at large angles of 
attack. When the throttle is brought to BLI(40%) the installation gives a slight improvement at both 
angles of attack. Pressure distributions showed how the combination of suction and blockage is 
reflected onto the flow as either an increase or a decrease in the pressure gradient dp/dx. When 
positive dp/dx over the rear of wing section steepens, the adverse pressure gradient catalyses the 
growth of the boundary layer. When dp/dx instead flattens or even becomes negative the favourable 
pressure gradient created slows the thickening of the boundary layer and there is little indication also 
of this process being reversed.  
The curves in Figure 8 correspond to the upper boundaries of the θ ranges of the sensitivity study 
of Figure 21 of Appendix, focused on measuring the uncertainty of involved in the experimental 
method. A measure of the error of the experimental benchmarks is required by the validation of 
numerical results and therefore is further addressed in section IV. Nevertheless, the greater scatter 
between the different postprocessing techniques of ‘α=12°’ curves relative to the ‘α=4°’ ones, 
highlight a low reliability of the high incidence data even when it comes to qualitative observations 
regarding performance variations. 
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Figure 8: plots of the tripped BL carachteristics at different BLI configurations for both AoA 
To visualize the flow at the back of the ducted fan and observe any trace of distortion transfer as 
part of the downstream analysis, total pressure values are taken on a plane parallel to the EDF outlet, 
at a perpendicular distance of 60 mm from it as described in Figure 19 in Appendix. The sampling 
grid is made of 13 radii going from 120° (6AM) to -120° (6PM) in steps of 20° (Figure 22 of 
Appendix). Due to the presence of the struct and the motor casing the grid is not extended to angles 
beyond ±120°. The circumferential position of each radius was selected in order to alternate the 
upstream conditions of the profiles between a free and a downstream-a-stator one. Each radius is 
formed from 10 individual sampling points stretching from the surface of the blockage body to a 
radial position in the free stream. This is done in order to safely capture the edge of the shear layer. 
Results from the downstream scanning are summarized in Figure 9, with continuous and dashed 
black curves representing respectively the surface of the motor casing and the TE of the nacelle. A 
red dashed curve is used to indicate the height of the boundary layer on x/c=0.86 at the centreline. 
The boundary layer is not visible in the α=4° plot as δ=13.5 mm corresponding to z=-31.5 mm in the 
graph’s coordinate system. Both boundary layers are clearly shown instead in Figure 22 of Appendix. 
Only the low power setting is reported below, as a failure in the instrumentation for the noBLI(40%) 
configuration (case12) led to the loss of the baseline values of the high throttle setting. The remaining 
exit data at the higher incidence as well as at the low incidence free transition are reported in Figure 
23 and Figure 24 of Appendix. The pressure maps provide a first visual understanding of the change 
in fan response to the different ingested flow conditions. For both AoA, the apparent trend is that as 
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the thickness of the boundary layer increases there is an averagely greater loss in the total pressure 
of the exit flow which is best highlighted by the shrinkage of the high pressure patches in yellow. 
However, for thicker boundary layers these patches seem to experience a circumferential shift as 
well, to the point where they disappear completely from the +y side and emerge enlarged on the -y 
half only. Interestingly, across the two throttle settings only a change in the magnitudes measured is 
observed, as opposed to the flow patterns which stay identical despite slightly different inlet 
conditions and most importantly different angular speeds of the blades.  
  
 
Figure 9: total pressure distribution measured at the exit plane of the EDF at P=20% for three 
different ingested BL conditions 
The volume under the distributions of the pressure maps is integrated to derive a quantitative 
indicator Σ of the EDF’s performance at the different test cases in the form of an unphysical thrust 
(N), thus with the variation in performance from the noBLI baseline being dΣ=ΣnoBLI-ΣBLI. The 
“thrust” defect dΣ is then related back to a value of an upstream defect associated with the ingested 
boundary layer.  Figure 10 plots dΣ/ΣnoBLI against θ/2R for the two propulsor operating conditions. 
To address the issue of the pressure distributions not being measured consistently over the same 
spatial area relative to the EDF, different annulus areas are used as integration domain, from the 
widest including the entire sampling grid, to the narrowest delimited by the 3rd to the 6th data point 
of every radius.  Colour coding is used to differentiate between the different integration areas. Results 
for BLI(40%) are only hypothetical as dΣ/Σ is based on the low throttle noBLI(20%) performance 
scaled by a factor κ=2.1, found to be relating the results of the two throttle settings of the BLI 
configurations. The performance Σ of the high throttle podded EDF is hence found by multiplying 
the one derived from the low throttle measurements by 2.1, which is reasonable considering that the 
theoretical power supply is doubled. To show the different degree of the inlet-outlet relation between 
the P=20% and P=40% settings, both the x-axis and the y-axis are kept consistent. Finally, indication 
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of the error calculated from the misalignment between the total pressure probe and the axial outlet 
flow for both throttle settings is plotted as well. 
At a first glance, a clear proportionality between the loss in performance and the inlet distortion 
for both propulsor operating conditions is noticed. The disrupting effect of the uncertainty in zeroing 
the traverse system at the centreline is evident in the trip results (empty markers) that the α=4° graph 
of Figure 9 proved already to be considerably offset from the axis of symmetry. Nevertheless, at a 
more careful look, the scatter in the performance calculated resembles in magnitude the error 
associated with the misalignment between the flow and the pressure probe. Such worrying 
agreement, particularly in the gradients shown, undermines any real argument of relating inlet 
conditions to outlet performance alterations (at least from the data generated by this methodology) 
and rather attributes the performance loss, to the error of the measuring technique. Such argument 
also forces to reconsider the qualitative observation of the pressure contours and explain the 
asymmetric patterns in the pressure distributions as a consequence of the different manner in which 
swirl ω and the AoA combine depending on which side of the xz-plane the reading is taken. In the 
+y region the velocity triangles will have a constructive combination leading to an angle α+ω relative 
to the axis of the pressure probe. Conversely in the -y half, destructive combination takes place giving 
a relative angle α-ω. The different angles at which the flow on either side approaches the pressure 
tube could be the explanation behind the higher energy flow visible on the -y side.  
 
 
Figure 10: relation between the normalized properties of the outlet flow dΣ and the calculated inlet 
conditions for both throttle setting  
IV. CFD Validation 
A. Setup 
The identical upstream analysis done in experiment is carried out in CFD, with exemption for 
the free transition test cases. The entire experimental setup, including wind tunnel walls and 
supporting struts, are modelled within the low order panel method NEWPAN solver [7] as illustrated 
in Figure 11. Due to the presence of the fixed wind tunnel boundaries and the need for an ordered 
interface between the wing and the wall grids four different meshes are generated, two for each 
incidence depending on whether the wing is in the podded or embedded configuration (Figure 12).  
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Figure 11: wind tunnel setup reconstructed in NEWPAN with the model at α=4° 
A different mesh is tailored for the embedded configurations due to the greater panel densities 
required by the complex and sharp flow patterns developing near the intake of the propulsor. As there 
is no interest in the downstream flow behind the EDF, only the exterior of the nacelle is modelled 
and the internal panelling is limited up to the fan’s x/c plane as illustrated in Figure 12.  The effect 
of the fan is simulated by imposing a suction surface over the fan’s face in the form of a constant 
velocity plane shown. The strength of the suction, hence the magnitude of the inlet velocity value is 
derived from the LDA exit velocities measurements of the downstream analysis of [8] for every 
combination of throttle-AoA. The axial velocity profiles sampled just downstream of the EDF outlet 
in a similar fashion of this paper’s stagnation pressures, are averaged through linear interpolation 
integration to obtain a unique average outlet velocity value u̅
out
. From the known area ratio between 
inlet and outlet faces, continuity is then used to compute the average inlet velocity u̅
in
at the fan 
assuming constant density of the flow.  
 
 
Figure 12: half-wing meshes used for unpowered (up) and powered (down) models (left) and full 
panelling of the EDF installation and its fan (right) 
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A second velocity plane is imposed at the inlet of the model’s working section to ensure that the 
free stream flow is theoretically identical to that in the actual tunnel. To simulate the choking effects 
of the boundary layer developing at the tunnel boundaries which tends towards speeding up the flow 
in the section, the tunnel walls in the model are caved in at an angle roughly reproducing the gradient 
of the boundary layer growth. The displacement thickness of the boundary layer at the end of the 
working section is calculated from simple flat plate theory and thus neglects the amplifying effects 
of corner interference and interaction with other pressure fields. The angle is obtained by connecting 
the section’s upstream cross-section with the downstream one reduced in both y and z by 2δ*, hence 
assuming a constant boundary layer growth rate. δ* is calculated from the empirical equation of 
turbulent boundary layer growth. 
B. Results 
The clean wing configuration noBLI makes use of NEWPAN’s fully coupled integral boundary 
layer calculator, which allows a viscous informed pressure distribution hence a more accurate 
characterization of the boundary layer. Due to the impossibility of imposing the mathematical 
manipulation of the Kutta condition to the open sections of the BLI meshes, the latter are limited to 
the NEWPAN streamline tool which makes use of the so called oneshot method. The latter is 
normally referred to as the inviscid run (as opposed to the coupled one), as it derives the boundary 
layer properties from the potential Cp distributions. Therefore, for consistency across different 
ingesting configurations, oneshot results are used in the comparison between experiment and CFD, 
with viscid results employed only in identifying the AoAs in the numerical models which give 
pressure profiles best corresponding to the experimental curves. A combination of the uncertainty in 
the measuring of the incidence of the wing and a confirmed distortion in the wind tunnel flow 
determines that the numerical models matching the suction peaks generated in the tunnel at α=4° and 
α=12° are offset respectively by a dα of +1.25° and +0.5° (Figure 13). However, despite such efforts 
of matching of the LE pressures, deviation of the numerical results from the experimental ones still 
develops downstream the chord of the wing. Interestingly, the ‘a[12.5]’ results achieve a much better 
agreement than the ‘a[5.25]’ as they are capable of delaying the scatter to the very last portion of the 
wing where the flow seems to separate. Conversely, the disagreement of ‘a[5.25]’ is worryingly 
marked and resembles the one emerged from [8]. When the wing is at α=4° the flow over the top 
surface moves faster than the computed one causing the pressure over the rear of the wing to drop. 
As an identical behaviour is seen in the flow over the bottom surfaces of Figure 26 and Figure 27 of 
Appendix there are valid reasons to believe that there is some far field acceleration in the tunnel 
creating the mismatch between CFD and experiment. Why α=12° better predicts such situation is 
unknown. The inability of modelling the flow dynamics developing in the wind tunnel are not a 
limitation of the flow solver however they do seriously compromise the legitimacy of the 
comparative methodology. 
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Figure 13: comparison between the experimental and both the inviscid and coupled numerical 
normalized suction pressure distributions for the noBLI configuration at both Aoa  
An example of the visual results from the computational runs in the NEWPAN environment are 
shown in Figure 25 of Appendix. From the latter, the numerical (inviscid) equivalent of the pressure 
distributions analysis of Figure 6 is extracted and displayed in Figure 14. The comparison clearly 
points out the inadequacy of the NEWPAN model developed in predicting the upstream effect of the 
EDF on the flow over the wing. Both BLI configurations register a general drop in the pressure 
distribution relative to the ‘noBLI’ one which looks like the consequence of an excessive nacelle 
blockage. However, despite both ingesting condition representing unfavourable installation 
situations relative to ‘noBLI’, the isolated impact of the EDF‘s suction alone appears to be fairly well 
captured. As throttle is increased from ‘BLI[20]’ to ‘BLI[40]’ (whilst the blockage intuitively stays 
the same) both the direction and the degree of improvement in performance of Figure 6 are roughly 
attained. Such form of approximative validation of the solver’s modelling of the suction effect alone, 
questions in turn the methodology’s approach in determining the imposed magnitudes in the first 
place. Rather than an over-prediction of the blockage effect, the loss in pressure could be the result 
of an under-prediction in the derived suction values. Shifting the values upwards would in fact push 
the BLI curves closer to the noBLI performance better agreeing with the trends of Figure 6.  
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Figure 14: comparison between the inviscid normalized pressure distributions for three BLI 
configurations at both AoA 
Encouragingly, the poor simulation of the combined blockage-suction effect of the EDF on the 
entire flow is not reflected onto the local boundary layer calculations of Figure 15 which reasonably 
replicate the experimental trends of Figure 8. This suggests that it is not fundamental for the 
numerical model to faithfully predict the flow over the entire wing, to recreate the general qualitative 
relations in the ingested flows between the different BLI configurations.  
 
 
 
Figure 15: plots of the numerical BL carachteristics at different BLI configurations for both AoA 
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Figure 16, Figure 17 and Figure 18 conclude the numerical study of the wing-EDF model. 
Numerical results are finally combined with the experimental findings to assess the accuracy of the 
flow solver in reproducing the flow physics occurred in the wind tunnel. Both numerical and 
experimental values of θ for all three ingesting configurations at both incidence settings are plotted. 
Experimental data is complemented with the error bands derived from Figure 21 which give an 
indication of the uncertainties involved in the LDA data resulting from the combination of the 
inaccuracy in recreating the tunnel’s model of the numerical geometry, from which coordinates for 
the LDA traverse are generated. The overall effect observed is an offset in the two-dimensional x-z 
plane of the data points of the velocity profiles by amounts dx and dz from the true location of the 
wing surface. Figure 21 is the result of a corrective approach aimed at roughly estimating at least the 
dz offset specific to each test case by comparing the free and trip velocity distributions with identical 
LDA data from [8]. ‘y*’ identifies the curves which are computed from raw experimental data using 
the coordinates output from the CAD geometry, while ‘fit’ refers to the curves derived from 
experimental data corrected by the predicted dz offset. Overall, LDA measurements suffered 
particularly from the inability of accurately predicting the location of the wing surface in the xz-
space, which is often under-predicted together with the edge of the boundary layer. 
 Conveniently, and despite the identified errors of the methodology, Figure 16 proves an 
encouragingly good agreement between numerical and experimental curves for both incidence 
settings. The different degree of agreement of the two AoA appears to be a measure of the weaker 
comfort of the solver in modelling partially separated flows as that of a[12.5]. At high incidence 
NEWPAN initially under-predicts the momentum loss to then catch up towards the end of the chord 
and exceed the experimental value. This however is surprising and comes in contrast with the 
conclusions of Figure 13 where ‘a[12.5]’ showed to better predict the flow field established in the 
wind tunnel, whereas ‘a[5.25]’ suffered substantially what appeared to be an unknown far-field 
condition. Comparison at the remaining powered configurations also points in the same favourable 
direction of the unpowered one, although similarly confident conclusions are denied due to the lack 
of coupled results. However, the scatter between the experimental and inviscid results appears 
reasonable and gives a good feeling about a hypothetical viscous simulation. As for the podded wing, 
the different agreements emerged at the two incidence settings are evident in the embedded 
configurations. 
 
Figure 16: comparison between the numerical and experimental θ for both incidence setting at noBLI 
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Figure 17: comparison between the numerical and experimental θ for both incidence setting at BLI(20) 
 
  
Figure 18: comparison between the numerical and experimental θ for both incidence setting at BLI(40) 
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V. Conclusion 
Investigation of the aerodynamic behaviour of a tightly integrated wing-EDF design has been 
completed through both experimental and numerical approaches. Wind tunnel testing clearly 
demonstrated the existence of strong performance interactions occurring between the airframe and 
the propulsor, particularly in the form of an upstream effect of the EDF on the incoming flow over 
the wing. Both pressure distributions and boundary layer properties indicated the existence of a 
throttle condition, inconsistent across incidence settings, at which the aerodynamic performance of 
the powered wing matches that of the unpowered one. Changes in the EDF’s performance with 
varying inlet boundary conditions where difficult to resolve using total pressure measurements 
downstream of the fan stators, particularly where the observed trends could easily be related to 
geometric biases and misalignments. Different directions of improvement have been identified both 
within its physics and validation purposes. Systematic errors involved in the exit flow analysis 
prohibited an effective evaluation of the EDF response to the varying of inlet conditions. A solution 
to the changing misalignment between flow and pressure probes as a result of the necessary tilting 
of the model would be to set the traverse system so to allow for adjustment of the pitching inclination 
of the probe. This would resolve both the average loss in the stagnation pressure and the asymmetry 
about the x-z plane as the swirl would lead to opposite but equivalent incidences on both sides. Tilting 
of the model could also be avoided at once by considering other ways of tuning the boundary layer 
inlet conditions. Freestream flow for instance would be the first parameter allowing for an easy 
control over the ingested flow conditions.  
Experimental data showed a reasonable match to the low fidelity panel method code, where the 
entire wind tunnel setup was recreated. Results from the integral boundary layer calculator showed 
encouraging levels of similarities with the experimental ingested boundary layer flow. Although 
expected in the application of panel methods, the better matching between boundary layer data 
showed at the low incidence was in contrast with the pressure data describing the overall flow 
behaviour, which indicated a much better agreement between the flow fields of the higher incidence. 
The lower agreement with the boundary layer properties shown at the higher incidence was therefore 
attributed to the errors associated with the LDA measurement system, rather than to the numerical 
model which purely in terms of flow behaviour performed better. For the sake of experimental 
validation of CFD there is therefore the need to further investigate the anomalies noticed by 
extending the investigation in the regions above and below the wing-EDF model. The actual flow 
physics in the tunnel could instead be ignored by making use of NEWPAN’s inverse design tool and 
numerically eliminate the scatter in the flow fields showed by the pressure distributions. The Solver 
would manipulate the airfoil section into a profile capable of exactly matching the pressure field 
established in the tunnel. Alternatively, the strength of the suction surface simulating the EDF throttle 
could be tuned to match as much as possible the pressure field particularly of the rear portion of the 
wing. This is encouraged also by the low reliability of the method deriving mathematically the 
suction strengths to be imposed in the numerical model. The general agreement of the experimental 
data with CFD has in some way indirectly validated the quality of the data as well. The findings are 
there for sensible enough to be used as benchmark also for higher fidelity codes. 
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VIII. Appendix 
 
Table 2: summary of the main conventions used in presenting results 
  Experimental Numerical (oneshot) 
  AoA Throttle  AoA Throttle  
Wing noBLI 
α=4° -  a[5.25] -  
α=12° -  a[12.5] -  
Wing+EDF BLI 
α=4° BLI(20%)  a[5.25] BLI[20]  
α=12° BLI(40%)  a[12.5] BLI[40]  
α=4° BLI(20%)  a[5.25] BLI[20]  
α=12° BLI(40%)  a[12.5] BLI[40]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19: diagram of the model showing the locations at which both LDA and pressure probe analysis 
is done 
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Figure 20: variation of the velocity profiles across x/c of the noBLI wing at α = 4° for trip conditions 
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Figure 21: study of the sensitivity of θ to the computational criteria employed in post processing for all 
BLI configurations  
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Figure 22: schematic representation of the sampling grid for the exit pressures, integrated with 
physical features of the EDF viewed from behind; shaded radii indicate the presence of stator vane 
while the arrow the direction of rotation. The height of the BL δ at P=20% for both AoA is illustrated 
by the dashed red lines 
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Figure 23: contour plots of the efflux total pressure distributions for 5 different upstream conditions at 
the low throttle setting P=20% 
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Figure 24: contour plots of the efflux total pressure distributions for 5 different upstream conditions at 
the high throttle setting P=40% 
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Figure 25: pressure contours of the numerical model at a[5.25] and BLI[40] 
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Figure 26: comparison between the experimental and both the inviscid and coupled numerical 
normalized pressure distributions for the noBLI configuration at α =4° 
 
Figure 27: comparison between the experimental and both the inviscid and coupled numerical 
normalized pressure distributions for the noBLI configuration at α =12° 
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